INTRODUCTION {#SEC1}
============

For over 40 years, chemical carcinogenesis has been assessed using the 2-year rodent bioassay. This expensive, time consuming and laborious test is highly criticized for its low correlation percentage of relevance with human observations ([@B1]). Several initiatives proposed to evolve toxicology beyond this state of mainly observational science to a more predictive oriented field, by notably replacing the 2-year rodent assay by high-throughput datasets of human *in vitro* exposed cell models ([@B2]). These new toxicogenomics methods have already generated interesting classification results for predicting compound genotoxicity ([@B3]) or liver carcinogenicity ([@B4]).

With the majority of toxicogenomics research up to now involving DNA microarray technologies, the exploding high-throughput sequencing (HTS) techniques will certainly become the golden standard for understanding molecular mechanisms leading to toxicity or carcinogenicity ([@B5]). Previously, we applied this technology to assess the mRNA expression profile of HepG2 cells exposed to the prototypical human carcinogen benzo\[a\]pyrene (BaP) over a period of 24 h ([@B6]). BaP is a polycyclic aromatic hydrocarbon (PAH) widespread in the environment and in food, and is formed mainly during incomplete combustion of organic material (such as fossil fuels) or by smoking. BaP possesses heterogeneous toxic properties and its metabolites are not only known to be DNA-reactive and to generate reactive oxygen species ([@B7]) but BaP is also assumed to activate the transcription factor AhR (aryl hydrocarbon receptor), which was shown to be able to mediate hepatocarcinogenesis in humans ([@B8]). In our pilot study, HTS pointed out novel isoforms and alternative transcripts resulting from BaP exposure, notably from genes involved in DNA damage response and apoptosis (TP53, BCL2 and XPA).

In order to enrich our understanding of chemically induced mechanism leading to carcinogenicity, we now explored the variety of biological entities across time. Thus, we sequenced the complete RNA panel, after the depletion of ribosomal RNA. Furthermore, since microRNAs (miRNAs) have been shown to have a key role in toxicological responses in cells ([@B9]), we also sequenced libraries of small RNA obtained from the same biological samples.

Having generated complete RNA-seq libraries, we also had the opportunity to study a recently discovered new class of RNA: the circular RNAs ([@B10]--[@B12]). In particular, the circRNA *CDR1as* works as a post-transcriptional regulator by having 63 conserved targets against miR-7.

In order to integrate results on RNAs, miRNAs and circRNAs in a mechanistically plausible manner, where it is postulated that processes which cluster over time, are functionally interrelated, we evaluated data generated at six different time points during BaP exposure (6, 12, 18, 24, 36 and 48 h).

MATERIALS AND METHODS {#SEC2}
=====================

Chemicals {#SEC2-1}
---------

Benzo\[a\]pyrene (inchikey FMMWHPNWAFZXNH-UHFFFAOYSA-N) of 96% purity was purchased from Sigma--Aldrich (Zwijndrecht, the Netherlands). The compound was dissolved in dimethylsulfoxide (DMSO) obtained from Sigma--Aldrich.

Cell culture and treatment {#SEC2-2}
--------------------------

Human hepatocellular carcinoma HepG2 cells obtained from ATCC (HB-6065) were used as a cell model. HepG2 cells were cultured as a monolayer in 95% humidity, with 5% CO~2~ atmosphere at 37°C. The cells were cultured in a minimal essential medium (MEM) with 10% of fetal bovine serum (FBS), 1% penicillin/streptomycin, 1% sodium-pyruvate and 1% non-essential amino acids. All reagents were obtained from Gibco BRL (Breda, the Netherlands). Passages were done at pre-confluent densities by standard trypsin--ethylenediaminetetraacetic acid (EDTA) solution. Three hundred thousand cells were used in each well of a six-wells microtiter plate. At 80% confluence, the medium was replaced with fresh medium containing either 2 mM of BaP or by the control vehicule (0.5% DMSO) during six different exposure time (6, 12, 18, 24, 36 and 48 h) in two independent experiments (biological replicates).

RNA isolation {#SEC2-3}
-------------

Total RNA from the cell culture was isolated from each sample using the miRNeasy mini kit (Qiagen Westburg BV, Leusden, the Netherlands) according to manufacturer\'s protocol, followed by a DNAse I treatment (Qiagen Inc). Total RNA concentration and quality were measured by means of a BioAnalyser system (Agilent Technologies, Breda, the Netherlands). All sequenced samples were generated from high quality RNA samples having a RIN number above 8.

Library preparation and sequencing of RNA {#SEC2-4}
-----------------------------------------

First, Total RNA was treated with the Epicentre Ribo-Zero kit (cat.\#MRZH11124) to remove the all the rRNAs. The remaining RNAs were processed using the TruSeq RNA Sample Prep Kit according to the Illumina protocol. After cDNA synthesis, 6.5 pmol of DNA from each sample were clustered and sequenced on the Illumina HiSeq 2000 (Illumina) in 100 bp paired-end reads. Ribo-depleted RNA raw data are available on arrayExpress (accession number: E-MTAB-3292) Sequence quality was analyzed (Supplementary data 1) using the quality control software FastQC 0.10.1 (<http://www.bioinformatics.babraham.ac.uk/projects/fastqc/>).

Small RNA sequencing {#SEC2-5}
--------------------

Starting from the total RNA samples, small RNAs were size selected and ligated for sequencing following the TruSeq Small Prep Kit Preparation (Illumina, 15004197 Rev. D). Samples were sequenced on the HiSeq 2000 (Illumina) in paired-end 100 bp. Small RNA raw data are available on arrayExpress (accession number: E-MTAB-3251).

RNA-SEQ analysis {#SEC2-6}
----------------

RNA-SEQ reads were first trimmed to the first 80 bp then aligned to the Ensembl human genome (v73) using Bowtie v0.12.9 ([@B13]) using the default parameter. The mapping was then sorted by RSEM v1.2.3 ([@B14]) which provided a read count for all the main gene and known isoforms annotated in the Ensembl genome using expectation-maximization algorithm.

miRNA analysis {#SEC2-7}
--------------

Small RNA reads were first trimmed from the 5′ adapter sequence searching for a perfect match with at least the first 8 bp of the adapter. All the reads without the adapter sequence (or with a mutated adapter sequences) were removed from the libraries. Then, a second trimming round removed the reads shorter than 16 bp and longer than 35 bp. All remaining reads were used in a miRDeep2 analysis ([@B15]), which consisted of aligning the reads to the human genome to predict new putative miRNA precursors. A total of 1250 putative pre-miRNAs was added to the list of 1600 known human pre-miRs from miRBase (release19). All trimmed reads were then mapped using Patman ([@B16]) against this complete human precursor catalogue allowing no mismatches or gap (to avoid mixing the very close miRNA species coming from the same family). Mapping outputs were finally parsed to obtain the complete read count for each miRNA species (3′, 5′ as well as all possible isomirs).

circRNA prediction {#SEC2-8}
------------------

Circular RNA (circRNA) sequences were predicted using the protocol used by Memczak *et al*.([@B12]). Briefly, the RNA-seq reads mapping to the human genome were first discarded. Anchors of 20 bp were then extracted from both ends of the remaining reads and realigned individually to find exon splice sites. The output BED file was generated following the proposed parameters from the initial authors, and parsed using the same criteria with the exception of a minimum quality score of 35 needed for both anchors (instead of only one in the original protocol).

Selection of differentially expressed entities {#SEC2-9}
----------------------------------------------

Following the above primary analysis, each biological entity (RNA, miRNA and circRNA) was associated with a read count number. The raw counts were first normalized using TMM (trimmed mean of *M*-values) normalization provided by edgeR bioconductor package for R ([@B17]). The same criteria were then applied to estimate differentially expressed (DE) entities between the treated (BaP) and control (DMSO) samples for each exposure duration: (i) a minimum count after normalization of 10 reads, (ii) absolute fold-change ≥1.5, (iii) a false discovery rate (FDR) ≤0.05. Since we worked with two biological replicates per condition, we also removed the biological entities for which the two biological replicates at a given time point were discordant (e.g. opposite fold change direction) or for which a single sample was representing \>75% of all the read counts at a given time point.

miRNA target prediction {#SEC2-10}
-----------------------

Putative interactions between the sequenced miRNAs and the mRNA or the predicted circRNA were evaluated using miRanda, investigating only perfect seed matching without gap of Wooble pairing ('strict' parameter). To this end, 3′ UTR of all mRNAs expressed in our samples were downloaded using Ensembl Biomart and the circRNA BED output file were converted into FASTA format DNA sequences. A hit between any expressed miRNA (including the new predicted miRNA) and a target mRNA or circRNA was considered for a miRanda score of 140 or higher, corresponding to at least a perfect seed match.

RESULTS {#SEC3}
=======

Experimental design {#SEC3-1}
-------------------

The current default model for assessing chemical carcinogenesis is the 2-year rodent bioassay. This however is notorious for strongly over-estimating human cancer risks ([@B18]). This calls for better predictive models, and this is why human cellular models are nowadays widely considered. Since the liver represents one of the major target organs in the rodent cancer bioassay, a human liver cell model thus is a preferred option. In toxicogenomics, HepG2 has previously been shown to provide a model for classifying carcinogenic chemicals with higher accuracy that the rodent cancer bioassay ([@B19],[@B20]). While this has been the outcome of statistical approaches, it is now tempting to also subject the HepG2 cell system to mechanistic investigations, using high throughput sequencing. Where is has been repeatedly stressed that dividing cells are more prone to carcinogenic impacts ([@B21]), it is of interest to note that HepG2 being a hepatoma cell line, are rapidly cycling. The selection of time points has been based on our previous time series analysis of BaP-exposed HepG2 cells, using microarray technology ([@B22]). At these particular time points, we noted interesting up- and down-regulations on mechanistically relevant genes.

RNA expression levels of BaP-exposed cells {#SEC3-2}
------------------------------------------

A total of 24 samples, e.g. 12 HepG2 cultures exposed to BaP during 6, 12, 18, 24, 36 and 48 h (in duplicates) and 12 corresponding controls using DMSO as vehicle control, were sequenced after a ribosomal RNA depletion treatment. All samples considered, 1.89 billion reads were produced, in pair-end, with an average of 79.1 million reads per sample. Because of the sequencing of non-coding repetitive elements, 35.5% of the reads (on average, corresponding to 27.9 million reads per sample) could be mapped to the Ensembl human genome (v73, with masqued repetitive element), to be compared with the 60% of poly-A enriched RNA-SEQ which appeared mappable in our previous study ([@B6]).

Each transcript was then quantified using Bowtie and RSEM. RNA (both mRNAs and ncRNAs) expression profiles significantly modified by BaP, were retrieved for each time point (cf 'Materials and Methods' section). The number of differentially expressed (DE) genes for each time condition is summarized in Table [1](#tbl1){ref-type="table"}: 1143 differentially expressed RNAs have been found across the six time points. A gene-ontology (GO)-based enrichment analysis of these genes returned the biological process 'cellular response to xenobiotic stimulus' (GO:0071466) to be the most significantly enriched term (*P* = 3.64e−7), thus confirming that HepG2 cells are indeed capable of effectively responding to BaP exposure.

###### Differential expression induced by BaP

            6 h   12 h   18 h   24 h   36 h   48 h   All
  --------- ----- ------ ------ ------ ------ ------ ------
  RNA       266   467    337    39     76     185    1143
  miRNA     2     1      6      6      2      6      16
  circRNA   26    39     18     18     48     46     163

Displays the number of differentially expressed sequence products (*P* \< 0.005, absolute FC \> 1.5, reads count \> 10 and FDR \< 0.5) after BaP exposure per time point.

Only a single gene is over-expressed during the entire time course: *CYP1A1* (Figure [1](#F1){ref-type="fig"}), a cytochrome P450 involved in BaP metabolism. Other important genes are significantly over-expressed in BaP-exposed cell at minimally 3 time points, including the detoxifying enzyme *ALDH3A1* (aldehyde dehydrogenase 3), *AKR1B10*, an aldo--keto reductase playing a role in carcinogenicity, or *OSGIN1* (oxidative stress-induced growth inhibitor 1), an oxidative stress response gene induced by DNA damage, consistent with the observation that BaP induces reactive oxygen species (ROS) formation ([@B23]). The majority of differentially expressed genes is up-regulated and only a minority of genes is inhibited by BaP exposure (54 of the 266 DE genes at 6 h), among which are two histones genes (*HIST1H3J* and *HIST1H2BM*), which may point toward epigenomic changes induced by BaP exposure.

![Differential expression of mRNAs induced by BaP over time. Displays the normalized pseudocounts reads (y-axis) of six genes consistently affected by BaP exposure across time: four up-regulated genes (CYP1A1, ALDH3A1, AKR1B10, OSGIN1) and two down-regulated genes (HIST1H3A and HIST1H2BM). Black bar indicates significant expression differences between treated (BaP) and control (DMSO) for this particular time point.](gkv115fig1){#F1}

Being a potent genotoxicant, BaP triggers a rapid DNA damage repair response as indicated by the differential expression of several DNA repair genes. Notably, *MDC1* (mediator of DNA damage checkpoint protein 1) expression levels appeared highly increased already at 6 h after BaP treatment, together with other genes known to be involved in the DNA damage response pathway (WikiPathways) such as *MDM2, CDKN1A, CCND2* and *SFN*, all upregulated after BaP exposure. By contrast, four DNA repair genes were found to be significantly inhibited by BaP, each involved in a different repair mechanism: *MGMT* (direct reversal of damage), *RAD51B* (homologous recombination), *MSH5* (mismatch excision repair) and *XRCC4* (non-homologous end-joining). Thus, while being a genotoxicant, BaP seems to also impair several components of the main repair mechanisms, which suggests that the putative DNA damage is not repaired as efficiently as possible.

Interestingly, after BaP exposure some genes did not appear differentially expressed at their global expression level, but showed a clearly different isoform distribution. We were able to find 40 genes presenting a difference in their main isoform expression (Supplementary data 2). The most striking case is found with *RASSF2* gene, a tumor suppressor reported in human colorectal cancer ([@B24]), for which BaP-exposed cells mainly expressed the transcript ENST00000379400 (70%, 25% in controls) whereas the transcript ENST00000379376 was more abundant in controls (66%, 10% in BaP). These alternate transcripts of *RASSF2* share the same protein, but differ in their 3′UTR, ENST00000379376 3′UTR being 143 bp longer and thus may be differentially regulated by miRNAs or by other post-transcriptional regulation factors. A miRNA interaction target analysis shows than miR-766_5p, differentially expressed in BaP exposed cells, presents a perfect seed with this longer 3′UTR, and thus can interact specifically with this isoform.

Expression profile of mitochondrial genes {#SEC3-3}
-----------------------------------------

Next to being a carcinogen, BaP has been shown to cause mitochondrial dysfunction, by disrupting ATP generation and the activities of Na^+^/K^+^-ATPase and Ca^2+^/Mg^2+^-ATPase, leading to cell death by both apoptosis and necrosis ([@B25]). Among the 37 different genes known to be expressed in mitochondria, 15 could be detected in our libraries, with three genes in the top 100 expression level changes (*MT-CO3, MT-RNR1* and *MT-RNR2*). We noticed that mitochondrial ribosomal RNAs are still highly expressed despite the ribo-depletion treatment, but none of these mitochondrial genes are differentially expressed by BaP exposure. However, by pulling all the reads expressed from the mitochondrial genes together for each sample and converting to the mean relative expression, we observed a clear pattern of mitochondrial gene inhibition induced across time (Figure [2](#F2){ref-type="fig"}). It appears that the cells start by increasing their metabolism after the initial BaP exposure which is followed by a global reduction of mitochondrial activity after 18 h, demonstrating an impaired gross rate, possibly due to overt toxicity.

![Mitochonchial genes relative expression. Displays the global expression level of all reads from mitochondria, presented as relative expression (y-axis) versus the average count number across all samples at each time point (x-axis). BaP-exposed samples are in black, control samples (DMSO) are in white.](gkv115fig2){#F2}

Effect of BaP on miRNA expression on HepG2 cells {#SEC3-4}
------------------------------------------------

A total of 200 million reads (average 8.3 million per sample) was sequenced from small RNA libraries. A miRDeep 2.0 ([@B26]) prediction analysis generated 1860 putative new miRNA precursors, of which 153 were found expressed in all 24 samples. After a trimming step to keep the reads compatible with being miRNAs, i.e. presence of the 3′ adapter and size between 16 and 35 bp (keeping 70.5% of total reads), we mapped the reads to the complete catalogue of known human miRNA precursors from miRBase together with the miRNA precursors predicted by miRDeep. An average of 60.5% of the trimmed reads per sample (3.5 million reads) could be aligned to miRNA precursor sequences.

The three most abundantly expressed miRNAs in all 24 samples are mir-192_5p, mir-21_5p and mir-191_5p, independently of BaP treatment. Although none of these miRNAs are strictly liver-specific, mir-192 has been proposed has a biomarker of drug-induced liver damage ([@B27]). This liver-specific miR-122 family (mir-122 and mir-3591) is expressed in all 24 HepG2 samples at a stable level across time or BaP treatment. A total of 16 mature miRNAs was significantly affected by BaP exposure over time (Table [1](#tbl1){ref-type="table"}), all identified by miRBase to be known miRNAs (Supplementary Data 2). Only one miRNA is consistently over-expressed over the entire time course, namely miR-181a-1_3p (Figure [3A](#F3){ref-type="fig"}). Five other DE mature miRNAs, identified at multiple time points, appear members of the miR-181 family (miR-181a-1_5p, miR-181a-2_5p, miR-181b-1_5p and 3p and miR-181b-1). Interestingly, this miR-181 family has already been shown to be involved in hepatocarcinogenic mechanisms ([@B28]). Three other DE miRNAs are member of the miR-19 family, another intensely studied family cluster in association with carcinogenesis, notably with respect to its key role in B-cell lymphoma formation ([@B29]).

![MGMT expression level. Expression level of the different entities involved in our carcinogenic mechanism. (**a**) Normalized pseudocount of miR-181a-1_3p read (y-axis) for each time point (x-axis). Black barpot indicates significant expression differences between BaP and DMSO. The bottom barplot represent the fold change (in log~2~) at each time point. (**b**) Normalized pseudocount (top) and fold change (bottom) of MGMT. (**c**) Sum of normalized reads counts (y axis) of circRNAs with at least one perfect seed with miR-181a-1_3p across the six time points.](gkv115fig3){#F3}

We then checked whether BaP exposure affects the isomiRs distribution of miRNA. Contrary to our observation on mRNA isoforms, we did not observe a single miRNA which presented a different main isomiR upon comparing BaP treatment and control. However, we were able to identify two miRNAs with an isomiR profile significantly differentially distributed between BaP treatment and control. For instance, while the main isomiR form of miR-181a-1_5p (5′ aacauucaacgcugucggugagu 3′) was the same at each condition, the distribution of the second and third isomiRs, respectively 1 bp shorter or 1 bp longer in the 3′ extremity than the canonical form, was significantly different (*q*-value = 0.006). However, all different isomiRs still possessed the same 5′ sequence, and thus shared the same seed. This variation will then certainly have a negligible effect on mRNA inhibition, but still may be used as a biomarker of toxicity.

circRNA prediction {#SEC3-5}
------------------

Since the original circRNA prediction study mentioned that circRNA seem to be very diverse across tissues and cell types, we computed *de novo* the putative circRNA expressed in our 24 samples based on the methodology proposed by Memczak *et al*.([@B12]), which enabled us to predict circRNAs from each single read of the paired-end reads.

The first read yielded a total of 9745 different putative circRNAs entitites, against 8984 predicted from the second read of the pair. However, half (51,2% in read one, 40.3% in read two) of these predicted circRNAs are uniquely found in only one of the 24 samples, showing the very small consistency of circRNA prediction findings. The combination of both predictions shows an overlap of 5772 putative circRNAs species, with only 266 (4.6%) found in only one sample. We used this overlapping circRNA list for obtaining a better consistency (Supplementary Data 3). The average size of the predicted circRNA was 11.3 kb (SD = 15.2 kb). Only 17 circRNAs (0.3%) were predicted from all 24 samples. Interestingly, of the 1954 circRNAs predicted from human HEK293 cells in the initial study ([@B12]), 634 (40.8%) were identified in our HepG2 model.

Since for defining circRNAs, the prediction algorithm only takes into account the reads mapping the exon junction, we decided to remap the reads on the entire circRNA sequences to assess their global expression level and to determine their response to BaP exposure. Regardless of BaP exposure, some putative circRNAs appeared highly expressed across all time points. Interestingly, not a single read was mapped on 702 predicted complete circRNA sequences, thus indicating that using only the reads mapping a putative junction between distant genome localisations, is not sufficient to reliably define an expressed circular molecule.

Several circRNAs appear differentially expressed at various time points (Table [1](#tbl1){ref-type="table"}, Supplementary Data 4) but none of them displayed a consistent pattern across the entire time course. Notably, some circRNA appeared upregulated at a particular time point, then downregulated later, while others were expressed randomly across time points (Supplementary Figure S2). Taken together, the individual circRNA expression seems to be highly random.

Time series analysis {#SEC3-6}
--------------------

We aimed to perform a global temporal analysis of all sequenced molecules in order to group biological entites sharing a common expression pattern across time. By applying STEM (Short Time-series Expression Miner), an algorithm designed to study short time series of eight times point or less ([@B30]), we investigated whether mRNAs, miRNAs and circRNAs shared the same temporal expression profile (Supplementary Data 5). *CYP1A1* and mir-181a-1_3p, both differently expressed across the entire time course, appeared clustered in two different models, both not significantly, with respectivly 16 and 5 genes.

The most significant cluster contained 512 genes and displayed a stable expression across time, except for a peak at 24 h. A GO analysis showed that these genes are mainly involved in transmembrane transporter activity (GO:0022857, 24 genes, *q*-value: 0.0058) and substrate-specific transporter activity (GO:0022892, 24 genes, *q*-value: 0.0064). Apparently, 24 h after initiating exposure, BaP-treated cells are actively involved in transporting activity, possibly for the purpose of excreting BaP metabolites. No relevant clustering pattern over time was observed for miRNAs, which were found scattered across the different cluster.

Since the predicted circRNA were inconsistently expressed across time, many circRNAs were rejected from the time-series analysis (only 71 circRNAs left). A significant cluster of 341 entities, showing two peaks of expression at 6 and 24 h, contains 16 circRNAs. However, an enrichment analysis based on GO pathways, did not reveal any relevant biology activity shared by these genes.

miRNAs target prediction for mRNA and circRNAs {#SEC3-7}
----------------------------------------------

Next, we aimed to compute all possible interactions of each DE miRNA with all expressed mRNAs and circRNAs. To achieve this, we counted the total number of '7mer' seed pairing (nucleotides 2 to 8 without mismatches or Wooble pairing) for each individual DE miRNA against all mRNA 3′UTRs and entire circRNA sequences.

The 18 DE miRNAs led to only 11 unique seeds, several closely related miRNA sharing the same '7mer' sequences. The number of putative interactions per miRNA varied greatly, ranging from 409 to 5537 for the mRNA panel, and from 17 to 259 with the circRNAs (Supplementary Figure S1). A total of 6638 mRNA and 183 circRNA appeared targeted by at least one DE miRNA. Surprisingly, miR-181a-1_3p, the only miRNA consistently DE over the entire time course during BaP treatment, is the miRNA with the smallest number of possible interactions with mRNA and with circRNA.

Case study: mir-181b, DNA repair genes and circRNA {#SEC3-8}
--------------------------------------------------

Since miR-181a-1_3p appeared the only miRNA consistently upregulated by BaP across the entire time course, we decided to focus our data integration analysis on this miRNA. Of the 18742 genes expressed (i.e. with \>10 reads) in our libraries, 328 possessed at least one perfect seed on their 3′UTR with miR-181a-1_3p. An enriched pathway-based analysis of these genes pointed out the p53 pathway as one of the mainly affected pathways (*P* = 0.00275). Thus, the genes *ATR* (phosphorylate tumor suppressor), *HUWE1* (ubiquitinate p53), *MAPK8* (kinase required for apoptosis), *SETD8* (unknown), *CSNK1G1* (casein kinase involved in cell growth) and *USP7* (hydrolase of p53) all demonstrated a perfect seed in their 3′UTR with miR-181a-1_3p, indicating that their expression can be inhibited by this miRNA.

Among the 328 genes with a perfect seed with miR-181a-1_3p, 14 genes were differently expressed after BaP exposure (Table [2](#tbl2){ref-type="table"}). Although some of these genes are not really informative, we noticed the presence of *MGMT* (O^6^-methylguanine DNA methyltransferase), an enzyme responsible for repairing the mutagenic O^6^-methylguanine adduct (leading to DNA lesion) to the normal guanine nucleotide, thus preventing potential mutations during DNA replication or chromosomal aberrations. *MGMT* is mainly expressed in liver tissue (Gene Atlas) and *MGMT* depletion has been shown to increase carcinogenic risk in mice exposed to alkylating agents ([@B31]).

###### Differentially expressed mRNA putative target of miR-181a-1_3p

  Gene name       Description                                                                Role                                                                                             Nb target
  --------------- -------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------ -----------
  ADAMTS13        ADAM metallopeptidase with thrombospondin type 1 motif                     A large protein involved in blood clotting                                                       3
  CA12            Carbonic anhydrase XII                                                     Catalyze the reversible hydration of carbon dioxide                                              1
  CPT1A           Carnitine palmitoyltransferase 1A                                          A mitochondrial enzyme responsible for the formation of acyl carnitines                          1
  FAM186B         Family with sequence similarity 186, member B                              Unknown                                                                                          1
  HUWE1           E3 ubiquitin-protein ligase HUWE1; HECT, UBA and WWE domain containing 1   Ubiquitinates p53 and Mcl1                                                                       1
  LDLRAD2         Low-density lipoprotein receptor class A domain containing 2               Unknown                                                                                          1
  MEF2BNB-MEF2B   MEF2BNB-MEF2B readthrough                                                  Unknown                                                                                          1
  MGMT            O^6^-methylguanine-DNA methyltransferase                                   Repairs the naturally occurring mutagenic DNA                                                    1
  MID1            Midline 1                                                                  Formation of multiprotein structures acting as anchor points to microtubules                     2
  PRELP           Proline/arginine-rich end leucine-rich repeat protein                      Anchoring basement membranes to the underlying connective tissue                                 1
  RGPD1           RANBP2-like and GRIP domain containing 1                                   Associated with the nuclear membrane and is thought to control a variety of cellular functions   1
  RGPD5           RANBP2-like and GRIP domain containing 5                                   Associated with the nuclear membrane and is thought to control a variety of cellular functions   1
  SCFD2           sec1 family domain containing 2                                            May be involved in protein transport                                                             1
  SHANK2          SH3 and multiple ankyrin repeat domains 2                                  Function as molecular scaffolds in the postsynaptic density                                      1

List of the 14 mRNAs with perfect seed in their 3′UTR with miR-181a-1_3p, displayed with the Ensembl ID, gene name, a brief description and role of the gene, and the number of predicted target in 3′UTR of the gene.

*MGMT* mRNA expression showed an inhibition at 24 h of BaP exposure (Figure [3B](#F3){ref-type="fig"}). This inhibition may be partially due to miR-181a-1_3p targeted decay or cleavage. Subsequently, the level of *MGMT* mRNA equilibrated at 36 h toward control levels. We then assessed whether some circRNAs interact with miR-181a-1_3p. A total of 16 different predicted circRNAs may form a perfect seed complementarity with miR-181a-1_3p, and thus is capable of interfering with its binding to mRNA targets. Since all putative circRNA molecules potentially attract miRNAs via sequence complementary, we considered 16 circRNA capable of binding miR-181a-1_3p, at each time point. While no particular difference appeared between BaP-treated and control samples, we noticed that the putative circRNA capable of capturing miR-181a-1_3p globally decreased over the first 24 h of Bap exposure and increased again later (Figure [3C](#F3){ref-type="fig"}). This observation was consistent with the expression profile of *MGMT*, for which the expression increased between 24 and 48 h of exposure.

Taken together, we are now able to formulate the following hypothesis: initially, over-expression of miR-181a-1_3p induced by BaP exposure inhibits the *MGMT* translation and significantly decreases its mRNA level. After 24 h, the combined reduction of expression of miR-181a-1 together with the increasing number of circRNAs specifically capable of capturing this miRNA, leads to the upregulation of MGMT (Figure [4](#F4){ref-type="fig"}).

![Hypothesis of a carcinogenic mechanism. BaP exposure triggers rapidly the upregulation of miR-181a-1_3p. This miRNA interact with MGMT, partially reducing its mRNA expression level at 12 h. The number of circRNAs able to capture miR-181a-1_3p increases after 24 h, contributing to the reduction of MGMT inhibition.](gkv115fig4){#F4}

In the absence of *MGMT*, the accumulated O^6^-MeG mutations induced cell death exclusively by apoptosis via ATM/ATR and *TP53* pathways ([@B32]). However, since the *TP53* pathway is downregulated by miR-181a-1, the apoptosis mechanism is certainly less effective. In a context of environmental contamination by BaP (smoking, wood burning...), the increased expression of this particular miRNA (together with other miR-181 family member) may thus lead to the accumulation of unrepaired mutations, causing gene damage over time, ultimately leading to cancer.

DISCUSSION {#SEC4}
==========

BaP is initially transformed into benzo\[a\]pyrene-7,8-diol by epoxide hydrolase enzymes (EPHX1--4) of whose two forms (EPHX 1 and 2) are expressed in HepG2 cells, which is compatible with human normal liver sequencing data (data not shown). Benzo\[a\]pyrene-7,8-diol is then processed by the cytochrome P450s *CYP1A1, CYP1A2* and *CYP1B1* ([@B33],[@B34]), all expressed in HepG2 (with *CYP1A1* and *CYP1B1* over-expressed after BaP exposure). Consequently, in HepG2, BaP has shown to form DNA adducts which is assumed to represent the molecular initiating event in chemical carcinogenesis ([@B35]).

BaP exposure up-regulate two members of the miR-181 family: miR-181a and miR-181b. While being expressed, the other family members, miR-181c and miR-181d, are not significantly modified by BaP treatment. The miR-181 family has been shown to be involved in cellular differentiation, notably by inhibiting CDX2, GATA6 and NLK ([@B28]), 3 known regulators of hepatic cell differentiation. Hepatocellular carcinoma and fetal livers cells present a high level of expression of the complete miR-181 family ([@B36],[@B37]). As reported for liver cancer cell lines, HepG2 highly express all miR-181 family members. In this context, BaP exposure increases even more the pressure on genes responsible for hepatic differentiation. However, opposite effects have also been shown, notably some miR-181 members being highly expressed in differentiated cells, such as in B-lymphocytes ([@B38]) and megakaryocytes ([@B39]). MiR-181a-1-3p in particular, which appears consistently over-expressed over the entire time course in our study, has been reported to inhibit *NANOG*, a transcription factor maintaining pluripotency of embryonic stem cells, via a non-conventional seedless interaction compensated by a strong 3′ complementarity ([@B40]).

Our analysis report 40 genes showing a shift in their main isoform expression in BaP-exposed cells (Supplementary Data 2). The complete mapping of all 24 samples on isomiRs produced a very high number of different isoforms (10 0649 with at least 10 reads in one sample), making statistical test irrelevant after correction for multiple testing. However, the individual expression profile of isoforms of key reported genes in this study indicates a signature mirroring the reported global expression level. For instance, *CYP1A1* displays eight differentially expressed isoforms which are all over-expressed across time by BaP exposure. Also, *MGMT*, another important gene reported in our analysis, presents one expressed isoform across all 24 samples.

Our study reports the first prediction of circRNAs expression patterns in the context of xenobiotic exposure. CircRNAs have already been shown to be cell- or developmental stage-specific ([@B12]). Our prediction reveals that, within a single cell type, circRNAs expression patterns appear also globally variable across time, dose and even biological replicates. The total amount of expressed circRNAs seems also variable, since circRNAs represents around 3.2% of our total ribo-depleted RNA libraries, as compared to \>14% reported in fibroblasts ([@B11]). The prediction algorithm, based on reads mapping two distant genome locations and thus expected to represent head-to-tail splicing event, predicts 702 (12.2%) putative circRNAs for which not a single read could be remapped on the predicted circRNAs complete sequence. This is consistent with the 4 out of 23 (17.3%) circRNAs that could not be validated by qPCR by Memczak *et al*.([@B12]). These false positives may be due to the ligation of two distant or degraded RNA during the library preparation. However, the fact that some circRNAs are consistently predicted across all 24 samples, and that 40.2% of the predicted circRNAs in liver HepG2 cells are also found in HEK293, a human embryonic kidney cell line, gives credit to the biological consistency of this class of regulatory molecules. Their patterns of expression across time and compound exposure are really chaotic and seem unpredictable at this stage. A recent study ([@B41]) even speculates that the circRNAs form a byproduct of the normal exon splicing of mRNA with no direct biological relevance. However, the accumulation of different circRNAs present at a given time point, may still trap miRNAs. We therefore decided to study the circRNA effect for each miRNA individually, by pulling all the reads from circRNAs having at least one target for a given miRNA. This allows, for each miRNA, to study the global competition pressure between the possible mRNA targets and the circRNAs.

Our data furthermore indicates a global inhibition across time of all mitochondrial genes after BaP treatment, confirming observations by other groups on the detrimental effect of BaP (and others PAH) on mitochondrial function. While the main effect of BaP in our case is observed with respect to one member of the p450 family gene, namely *CYP1A1*, which is thought to be involved in the detoxification reaction to remove BaP from the organism, other p450 are also modified by this compound. *CYP1B1* is also highly upregulated by BaP after 6 h exposure (∼30-fold change). This gene has recently been shown to be responsible of BaP mitochondrial dysfunction by mediating ROS formation and damaging mitochondrial DNA thus leading to cell death ([@B42]). Indeed, *CYP1B1* knock-out mice do not show mitochondrial dysfunction after BaP exposure. However, contrary to *CYP1A1* which is overexpressed over the complete exposure period (48 h), *CYP1B1* is only upregulated at 6 h and appears barely detectable at 12 h. We hypothesize that while the messenger quickly retrieves its normal low level, proteins are still expressed and trans-located to the mitochondria thus maintaining oxidative stress associated with BaP metabolism.

Integration of these different data types leads us to the hypothesis that BaP exposure initiates carcinogenesis by over-expressing mir-181a-1_3p, which then inhibits the MGMT DNA repair enzyme (Figure [4](#F4){ref-type="fig"}). Since MGMT inhibition quickly returns to normal after 24 h in our cell system, as a consequence of mir-181a01_3p expression decreasing and levels of putative circRNAs with a valid target for this miRNA increasing, we postulate that, given the continuous exposure to BaP in the environment in the co-presence of alkylating agents such as nitrosamines which for instance are endogenously formed upon dietary nitrate or nitrite intake ([@B43]), this mechanism would slowly increase the DNA mutation rate, ultimately leading to cancer. Obviously, this hypothesis does not rule out the other reported toxic mechanism involving BaP, such as the reactive oxygen species (ROS) formation or, via LINEs transposition activation ([@B44]).

Our study presents an innovative data integration analysis, in which mRNA, miRNA and circRNAs are studied, together with their alternative forms. We provided also a catalog of predicted circRNAs in liver cell lines, which may be of relevance for other research groups. With multiplication of biological detection platforms ongoing, the next step would be to add the complete proteomic and metabolomic profile, which will ultimately enable the full disclosure of the genotoxic and carcinogenic mechanisms induced by carcinogenic drugs and chemicals in human systems.
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[Supplementary Data](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkv115/-/DC1) are available at NAR Online.
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